tory lipid metabolites, prostaglandins, formed from arachidonic acid by prostaglandin H synthases commonly called cyclooxygenases (COXs) bind to specific receptors that activate signaling pathways driving the development and progression of tumors. Inhibitors of prostaglandin formation, COX inhibitors, or nonsteroidal anti-inflammatory drugs (NSAIDs) are well documented as agents that inhibit tumor growth and with long-term use prevent tumor development. NSAIDs also alter gene expression independent of COX inhibition and these changes in gene expression also appear to contribute to the antitumorigenic activity of these drugs. Many NSAIDs, as illustrated by sulindac sulfide, alter gene expressions by altering the expression or phosphorylation status of the transcription factors specificity protein 1 and early growth response-1 with the balance between these two events resulting in increases or decreases in specific target genes. In this review, we have summarized and discussed the various genes altered by this mechanism after NSAID treatment and how these changes in expression relate to the anti-tumorigenic activity. A major focus of the review is on NSAID-activated gene (NAG-1) or growth differentiation factor 15. This unique member of the TGF-β superfamily is highly induced by NSAIDs and numerous drugs and chemicals with anti-tumorigenic activities. Investigations with a transgenic mouse expressing the human NAG-1 suggest it acts to suppress tumor development in several mouse models of cancer. The biochemistry and biology of NAG-1 were discussed as potential contributor to cancer prevention by COX inhibitors.
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Prostaglandins and cancer
Chronic inflammation is clearly associated with an increase in the risk of cancer [1] . One of the strongest associations between chronic inflammation and cancer is the increased risk in individuals with inflammatory bowel diseases. Inflammation also appears to have an important role in the development of other cancers, for example prostate, bladder, and pancreatic cancers. Chronic inflammation causes the upregulation of a number of inflammatory cytokines including IL-1β, IFNγ, and TNFα. The NFκB pathway is upregulated in many chronic inflammatory states, and evidence directly links the NFκB pathway to increased tumor formation and inflammation in experimental mouse models of intestinal cancer [2, 3] . Because NFκB plays a role in cyclooxygenase-2 (COX-2) regulation at the transcriptional level, prostaglandin H synthase or COX-2 expression is increased, and higher levels of inflammatory lipids prostaglandins are formed. Thus, inflammation and enhanced metabolism of arachidonic acid by COXs are linked to higher cancer risk. In many tumors, higher prostaglandin levels are observed. This appears to be due not only to higher COX activity but also to the diminished expression of 15-prostaglandin dehydrogenase (15-PGDH), a prostaglandin degradation enzyme. In many tumors, the expression of 15-PGDH is reduced which provides an additional mechanism by which cancer cells increase the levels of prostaglandins. 15-PGDH expression is silenced epigenetically in tumors by increased methylation of promoter regions in this gene [4] , while other reports suggest 15-PGDH may act as a tumor suppressor [5, 6] . The aberrant arachidonic acid metabolism observed in cancer cells causes a high concentration of prostaglandins, in particular prostaglandin E2 (PGE 2 ).
Prostaglandins exert their biological activity by binding a family of receptors, designated EP for PGE 2 receptors, FP for PGF 2 α receptors, TP for thromboxane receptor, FP for PGF 2α receptors, and IP for PGI 2 receptors [7] . Reports in the literature have suggested roles for each of these families of receptors as positive or negative regulators of tumor growth. Because of the high concentrations of PGE 2 in tumors, many investigations have focused on the EP receptors, which have four different receptors, designated as EP1, EP2, EP3, and EP4 [7] . The EP receptor signaling pathways control cell proliferation, invasion, apoptosis, and angiogenesis. Deletion of the EP2 receptor in APC/Min mice substantially reduced polyp formation [8] , while deletion of the EP4 receptor has been shown to decrease the formation of aberrant crypt foci in animals treated with the colon carcinogen azoxymethane [9] . EP2 expression is upregulated compared with normal tissues in colorectal [8] and breast [10] cancers. Fiebich et al. found that both EP2 and EP4 mRNA expressions are upregulated in human glioblastoma-astrocytoma U373 MG cells compared to the primary astrocytes [11] . The EP2/4 receptors are G proteincoupled receptors. As illustrated in Fig. 1 , PGE 2 can activate the protein kinase A (PKA) signaling pathway mediating many of pro-tumorigenic activities [12] . The PKA pathway phosphorylates GSK-3, thereby altering the APC/β-catenin/TCF pathway, which regulates cell proliferation, angiogenesis, and apoptosis [12] . PGE 2 also can transactivate the EGF receptor [13] , increase amphiregulin [14] , enhance the RAS-MAP kinase pathway [15] , and transactivate the peroxisome proliferator-activated receptor (PPAR)δ receptor pathway [16] (Fig. 1) . Because biological activity is mediated by the receptors changing the expression levels of, for example, the EP2 and EP4 receptors, this activity would have a profound effect on tumor growth.
COX inhibitors are well-established chemopreventative drugs. Numerous epidemiological, clinical, laboratory, and animal and cell culture studies confirm that the use of COX inhibitors or nonsteroidal anti-inflammatory drugs (NSAIDs) is effective at inhibiting the incidence and mortality of colorectal cancer [17, 18] . In addition to colorectal cancer, NSAIDs have also been associated with a reduced risk of other cancers, for example breast, esophageal, stomach, bladder, ovary, and lung cancers [19] [20] [21] . Despite the extensive studies on the effectiveness of using NSAIDs as chemopreventative agents, the molecular mechanisms underlying the chemopreventative effects of NSAIDs are not well understood. The anti-inflammatory properties of COX inhibitors are clearly dependent on the reduction in the levels of prostaglandins. The cancerpreventative activity of NSAIDs has generally been attributed to the inhibition of COX-1/COX-2 activity and prostaglandin production. However, this concept is challenged by the fact that very high doses of COX inhibitors are frequently required to exhibit tumor inhibitory effects but only low doses are required for an inhibition of prostaglandin formation [22] . Therefore, COXindependent mechanisms may be involved, and these COX-independent effects may contribute to the chemopreventative activity of NSAIDs [22] . NSAIDs inhibit the growth of colon cancer cell lines that do not express COX-1 or COX-2 [23] and inhibit the growth of mouse embryo fibroblasts null for both COX-1 and COX-2 genes [24] . Chiu et al. reported that the suppression of polyp growth by sulindac in the APC/Min mouse is independent of prostaglandin biosynthesis [25] . Studies from this laboratory and other investigators suggest that NSAID primarily induce apoptosis independent of COX activity [26] .
15-Lipoxygenase and cancer
NSAIDs are very effective inhibitors of COX activity, and the inhibition of COX activity makes the substrate arachidonic acid available for metabolism by other enzymes and may cause a shift in the arachidonic acid metabolite profile from prostaglandins to lipoxygenase (LOX)-derived hydroxylated lipids. 5-LOX, 12-LOX, 15-LOX-1, and 15-LOX-2 are reported to have some influence on tumor development. This laboratory has investigated 15-LOX-1 as related to colorectal cancer. 15-LOX-1 is present in human colorectal cancer cells [27] and converts arachidonic acid to 15-hydroxyeicosatetraenoic acid (15-HETE) and linoleic acid to 13-hydroxyoctadecadienoic acid (13-HODE). 15-LOX-1 in human colorectal cells has an anti-tumorigenic activity [28] . The investigations of Shureiqi and his colleagues suggest that 15-LOX-1 plays an antitumorigenic role in human colorectal cancer [29] . The expression of 15-LOX-1 is lower in human colorectal tumors as compared to normal tissue, and as a result, the levels of the major 15-LOX-1 metabolite, 13-HODE, are lower in colorectal tumors [30] . 13-HODE is reported to downregulate PPARδ in human colorectal cancer cells [31] (Fig. 2) . The overexpression of 15-LOX-1 in colorectal cells stimulates the phosphorylation of the tumor suppressor gene p53 at Ser15, which results in increased expression of many downstream target genes [32] . The growth inhibitory effects of 15-LOX-1 were p53 dependent. However, the 15-LOX-1 metabolites failed to induce phosphorylation of p53, and a 15-LOX-1 inhibitor did not inhibit the phosphorylation of p53 [32] . Because the active enzyme 15-LOX-1, but not its metabolites, activates p53, a possible explanation is the direct interaction of 15-LOX-1 protein with the DNA-PK kinase responsible for the increase in phosphorylation of p53 [33] . A mutant 15-LOX-1 devoid of enzymatic activity was created by replacing a key histidine with a leucine. Both the mutant and the wild-type protein increased p53 activation, suggesting that activation was independent of enzymatic activity [34] . 15-LOX-1 and DNA-PK co-immunoprecipitated and the kinase activity of the DNA-PK immunoprecipitates was three to four times higher in the presence of 15-LOX-1, supporting the hypothesis that 15-LOX-1 directly increases its kinase activity [34] . As illustrated in Fig. 2 , this investigation elucidated a novel mechanism for the activation of p53 and provided a rational explanation for the tumor suppressor activity of 15-LOX-1. Thus, lipoxygenases, as illustrated by 15-LOX-1, appear also to have a role in the reduction of tumors by COX inhibitors.
COX inhibitors alter protein expression involved in tumorigenesis/inflammation
Considerable research is currently directed towards the development of molecular target-based interventions, and a number of anti-tumorigenic and anti-inflammatory compounds have been developed and tested for their effects. In this regard, NSAIDs, phytochemicals, and PPARγ ligands have a potent preventive and therapeutic value with regards to cancer, obesity, and inflammatory diseases. Many drugs and chemicals are reported to alter gene expression. The analysis of gene expression changes observed after treating cells with chemical agents reveals a large number of genes related to growth control, and the development or suppression 2 . PGE 2 exerts its biological activity by binding to EP receptors EP1, EP2, EP3, and EP4. The EP receptor signaling pathways control cell proliferation, invasion, apoptosis, and angiogenesis. The EP2/4 receptors are G protein-coupled receptors. PGE 2 can activate the PKA signaling pathway mediating many of pro-tumorigenic activities. The PKA pathway phosphorylates GSK-3, thereby altering the APC/β-catenin/ TCF pathway, which regulates cell proliferation, angiogenesis, and apoptosis. PGE 2 can also transactivate the EGF receptor and activate MAP kinase ERK1/2 pathway that induce proliferation and/or PI3K-ATK signaling pathway and thus transactivate the PPARδ cascade and induce transcriptional regulation of genes promoting cell survival, invasion and angiogenesis of tumorigenesis is either increased or suppressed. We hypothesized that COX inhibitors would change gene expression and these changes in expression could contribute to the ability of these drugs to prevent cancer development. Subtractive hybridization and micro array analysis identified a large number of genes whose expression was increased or decreased by COX inhibitors [23] . We have primarily focused on one gene, nonsteroidal anti-inflammatory drugactivated gene (NAG-1), for further investigation but have also examined other proteins associated with tumor formation. NSAIDs modulate many regulatory proteins including transcription factors, enzymes, cytokines, and growth factors. In the last decade, considerable research was published on transcription regulation by anticancer compounds, which revealed that alterations of transcription machinery affect many genes in the anti-tumorigenesis pathways. Some of the molecular targets of NSAIDs in the transcription machinery are presented below under different headings. In this section, we will focus on discussing NSAID targets that are altered independent of COX inhibition.
EGR-1
Early growth response gene-1 is an inducible zinc finger transcription factor and an immediate early gene induced by stress or injury, mitogens, growth factors, cytokines, hypoxia, and differentiation factors [35] . The expression of early growth response-1 (EGR-1) in cancer can have a dual effect; it can cause either promotion or inhibition of cell growth, which depends on cell type and environment. However, EGR-1 has been shown to act as a tumor suppressor gene in colorectal cancer, and its loss can lead to progression of cancer in colorectal tumorigenesis [36] . It exhibits its pro-apoptotic function by directly binding and/ or controlling to p53 [37] , NAG-1 [38] , and PTEN promoters [39] . We have previously shown that some NSAIDs can increase EGR-1 expression, followed by enhancing tumor suppressor protein NAG-1 expression in human colorectal cancer cells [38] . Although the molecular mechanism of how NSAIDs increase EGR-1 expression remains to be elucidated, EGR-1 induction by NSAIDs likely affects many genes involved in pro-apoptosis pathways. EGR-1 induction may play a role in not only NSAID-induced apoptosis, but also in other anticancer compounds such as green tea [40] , resveratrol [41] , and PI3K inhibitor [42] .
Specificity protein
Specificity proteins are another zinc-finger transcription factor that binds to the GC box in the promoter of many genes. There are four subtypes: specificity protein (Sp)1, Sp2, Sp3, and Sp4. Among those, Sp1 controls housekeeping genes, but recent data suggest that Sp1 is also involved in the regulation of tumorigenesis [43] . For many human cancers, Sp protein overexpression is a negative prognostic factor for survival and, not surprisingly, these transcription factors contribute to the proliferative and metastatic tumor phenotype. Recent reports from Dr. Safe's group suggest that decreased Sp1 protein phosphorylation and decreased pSp1/Sp1 ratios play a role in celecoxib-induced downregulation of VEGF [44] . These observations suggest that the anti-angiogenic activity of celecoxib in pancreatic cancer cells is linked to targeted dephosphorylation of Sp1. In colon cancer, the growth inhibitory effects of NSAIDs are accompanied by downregulation of activity in Sp1 and Sp4 but not Sp3 proteins [45] . It was also shown that the decreased Sp1/Sp4 by COX-2 inhibitors in colon cancer cells was COX-2 independent and due to activation of proteosomes that specifically target degradation of Sp1 and Sp4 [45] .
ESE-1
Epithelial-specific ETS-1 (ESE-1) protein belongs to the ETS family of transcription factors and is also identified as ERT [46] , ELF3 [47] , and ESX [48] . ESE-1 proteins are constitutively expressed in many types of epithelia, includ- ing lung and intestine [49] , and regulate terminal differentiation of the epidermis [49, 50] . ESE-1 have multiple functions in the transcriptional regulation of genes involved in epithelial differentiation and development of cancer [51] , depending on cell context, and exact molecular mechanisms and their transcriptional targets need to be defined in cancer cells. We have shown that knockdown of ESE-1 by RNA interference inhibited NSAID-induced cell death (caspase 3/7 enzyme activity and PARP cleavage), which is associated with decreased expression of EGR-1 [52] . Furthermore, nuclear ESE-1 translocation by NSAIDs and binding of ESE-1 in the EGR-1 promoter nicely corresponded to NSAID-induced activation of EGR-1 gene expression at the transcriptional level (Fig. 3) . These data suggest expression of a sequence pathway ESE/EGR-1/ NAG-1 by NSAID in colorectal cancer cells.
NAG-1 expression
Our investigation on the regulation of NAG-1 expression revealed that both transcriptional and post-transcription mechanisms are operative. Some drugs and chemicals increase expression by increasing the stability of NAG-1 mRNA while many chemopreventive drugs and chemicals act via several transcription factors increasing RNA expression and hence NAG-1 protein. Transcriptional regulation appears complex, but it is clear that NAG-1 is an important downstream target of three tumor suppressor pathways, p53, EGR-1, and GSK-3β, suggesting NAG-1 maybe a key mediator for these tumor suppression genes [53, 54] . The COX inhibitor sulindac sulfide induces NAG-1 expression at the transcriptional level via EGR-1 transcription factors [38, 55] . The expression of EGR-1 appears to be mediated by increased expression of ESE-1 [52] . Interestingly, the EGR-1 binding site in the NAG-1 promoter overlaps with a Sp1 site. The basal expression of NAG-1 is regulated by the Sp1 sites in the promoter. As shown in Fig. 3 , the transcriptional activity of NAG-1 depends on the balance of EGR-1 and Sp1 transcription factors. The expression of Sp1 is not altered by sulindac sulfide, whereas EGR-1 expression is increased [38] .
EP4 expression
Because the biological effects of prostaglandin PGE 2 are mediated by a family of receptors, one would expect changes in the expression of the receptors would have a profound effect on inflammatory response and cancer development. Considerable evidence with knockout mice confirmed this hypothesis. Initial examination of the promoter regions of human EP2 and EP4 receptors suggested the EP4 receptor has EGR-1/Sp1 sites, and indeed incubation of glioblastoma cells expressing these receptors with some COX inhibitors and troglitazone reduced the expression of EP4 but not EP2 [56] . TGZ and sulindac sulfide first increased the expression of the EP4 receptor then suppressed the EP4 expression [56] . The human EP4 promoter region contains two Sp1 sites [57] overlapping with an EGR-1 site [56] , and mutations of these sites in luciferase promoter studies confirmed that Sp1/EGR-1 sites are important in the regulation of EP4 expression and the response to sulindac sulfide treatment. In addition, the ChIP assay and expression studies with EGR-1 and Sp1 proteins confirmed that the EGR-1 sites are involved in the increased expression of EP4, while Sp1 sites are important for sulindac sulfide suppression of EP4 expression [56, 58] . Phosphorylated threonine residues in Sp1 activated by sulindac sulfide-induced Erk were detected. The ChIP assay experiment revealed that sulindac sulfide decreases DNA-binding activity of responsible Sp1 binding sites in the human EP4 promoter [56, 58] . Taken together, these data suggest that phosphorylation of Sp1 is critical and results in a decrease in Sp1 DNA binding, and hence suppression of transcription activation of target genes like EP4 is observed. Thus, on longer treatment with sulindac sulfide, activation of Erk kinase is observed resulting in phosphorylation of threonine resides in Sp1. Phosphorylation of Sp1 critically alters the binding to DNA, and a decrease in Sp1 DNA binding can occur. Furthermore, the phosphorylated Sp1 can effectively block the binding of either EGR-1 or Sp1 to the Egr-1/Sp1 binding sites on the NAG-1 promoter, and hence suppression of transcription activation of target genes is observed [56, 58] . Figure 4 summarizes the transcriptional regulation of the EP4 receptor by two mechanisms and shows that COX inhibitors, as illustrated by sulindac sulfide, can either increase (a) or decrease (b) gene expression by altering the balance and phosphorylation status of the EGR-1 and Sp1 transcription factors. The suppression of EP4 expression by sulindac sulfide represents a new and unique mechanism for the inhibition of tumor growth by COX inhibitors.
ATF3
ATF3, a member of the ATF/cAMP response element binding family of bZIP transcription factors, is characterized as a stress inducible and/or adaptive response gene [59] . Much controversy exists as to the physiological role ATF3 has in tumorigenesis, and ATF3 is demonstrated to be a positive or negative effector in tumor progression. Recently, a dichotomous role was reported for ATF3 in cancer development; the authors concluded its role as a tumor suppressor or oncogene is largely dependent on cellular context and extent of malignancy [60] . However, several lines of evidence suggest ATF3 may function as a tumor suppressor. First, ATF3 expression is markedly reduced in cancer tissues when compared to normal adjacent tissue [61] . Secondly, ATF3 overexpression is demonstrated to elicit a number of cellular responses, including induction of cell cycle arrest and inhibition of proliferation [62] , induction of apoptosis in vitro and in vivo [42, 59, 63] , inhibition of invasion [64] [65] [66] , and retardation of tumor formation in vivo [59, 66] . ATF3 is reported to mediate or enhance induction of apoptosis by NSAIDs [66] , and recent data suggest that ATF2 controls NSAID-induced ATF3 expression in human colorectal cancer cells. This pathway is mediated through the phosphorylation of ATF2, which is mediated by p38 mitogen-activated protein kinase (MAPK)-, JNK-, and extracellular signal-regulated kinase (ERK)-dependent pathways [67] .
3.7 β-catenin signaling A molecular linkage between NSAIDs and the β-catenin pathway has been suggested since the first evidence was reported by McEntee et al. [68] . Since most colorectal cancer exhibits β-catenin activity, inhibition of this pathway may prove beneficial in cancer prevention and/or suppression. In this regard, several NSAIDs were shown to inhibit β-catenin translocation in colorectal cancer cells [69, 70] . Furthermore, recent data using ibuprofen suggest that ibuprofen inhibits β-catenin activity as well as NF-κB activity, providing a novel mechanism of NSAID in the β-catenin pathway in sporadic colorectal cancer [71] . Since those NSAIDs inhibit the β-catenin signaling pathway and several genes are known to be involved in the β-catenin pathways, it is necessary to know the detailed mechanisms of how NSAIDs inhibit the β-catenin signaling, and thereby enhance anti-tumorigenesis. In addition, NSAIDs have been known to affect many other targets, depending on cell types and content. Figure 5 summarizes the effects of NSAIDs on a number of proteins or signaling pathways independent of the inhibition of COX activity.
NAG-1/GDF15
We identified NAG-1 as a divergent member of the TGF-β superfamily by PCR-based subtractive hybridization from an NSAID-induced library in COX-negative cells [23] . NAG-1 has also been identified by other groups using a variety of different cloning strategies, for example, macrophage inhibitory cytokine-1 [72] , placental transformation growth factor-β [54] , prostate-derived factor [73] , growth differentiation factor 15 (GDF15) [74] , and placental bone morphogenetic protein [75] . Experimental evidence suggests that NAG-1 may share at least some of the common functions of TGF-β superfamily cytokines. For instance, NAG-1 expression reduces TNF-α secretion in macrophages [72] , and ectopic expression of NAG-1 causes cell growth arrest as assessed by soft agar and the cloning efficiency assay [23, 53] . Further, overexpression of NAG-1 in colon, glioblastoma, and prostate cancer cells inhibits tumor formation in the nude mouse model [23, 76] . Similarly, TGF-β1 induces apoptosis and cell growth arrest in epithelial cells, and TGF-β1 knockout mice die of widespread inflammation. Overall, NAG-1 will be a novel molecular target protein to examine anti-inflammatory and/ or anticancer activity; in fact, NAG-1 is a protein that is highly induced by several chemopreventive compounds such as NSAIDs, phytochemicals, and PPARγ ligands.
Biochemistry
NAG-1 is a divergent member of the TGF-β superfamily with a peptide sequence that is most similar to the bone morphogenic protein genes. The human NAG-1 locus has been mapped by fluorescence in situ hybridization to 19p12.1-13.1 [77] . The NAG-1 protein is encoded by two exons, the 309 bp exon I contains a 71 bp 5′ untranslated region (UTR) and a 238 bp coding region, and 647 bp exon II contains a 3′ UTR. The gene contains a single 1,820-bp intron [77] . The NAG-1 pro-domain consists of 167 amino acids and contains an N-linked glycosylation site at amino acid position 70 [78] . Proteolytic cleavage of the protein at the amino acid target sequence RRAR results in the release of a 112 amino acid C-terminal mature region. This mature region is highly glycolysated and shares very little of its identity with other TGF-β superfamily proteins. The mature NAG-1 has seven cysteine residues with six cysteines likely forming a cysteine knot, a key structural characteristic of the members of the TGF-β superfamily. The seventh cysteine forms a disulfide linkage to a second molecule of NAG-1 forming a homodimer that is secreted. The secreted dimer is present in the blood of humans and secreted into the media of cultured cells expressing NAG-1. There is some evidence for the presence of the pro-form of NAG-1 as well as the pro-peptide in the media of cultured cells (Fig. 6 ). NAG-1 appears to be a divergent member of the bone morphogenetic protein subfamily and is most like GDF-8 or myostatin based on molecular modeling. TGF-β members bind to form a complex between type I and type II receptors. Seven type I and five type II receptors have been identified for the TGF-β superfamily, but the specific receptor for NAG-1 has not been identified. Recently, it has been reported that the pro-domain of NAG-1 selectively binds to an extracellular matrix [79] . Therefore, both the mature domain and pro-domain of NAG-1 are likely to play central roles in modulating the biological activity of NAG-1. Although the impact that this effect has on patient outcome and/or function of NAG-1 is unknown, these observations are strong evidence that NAG-1 represents a multifunctional cytokine.
NAG-1 and cancer
The role of NAG-1 is highly controversial because both the inhibition of cancer development and the promotion of cancer progression have been reported. NAG-1 appears to modulate or regulate both negatively and positively, cell proliferation, apoptosis, differentiation, invasion, and me- Fig. 6 Different forms of NAG-1 in cell before secretion and after secretion. The full length of NAG-1 is composed of the propeptide and the mature form of NAG-1. After cleavage at the consensus RXXR site, the mature form of NAG-1 is secreted out of the cell as a homodimer. New evidence suggests that the proform or the pro-peptide of NAG-1 is also secreted out of cell. However, it is not clear whether the pro-peptide is still bound to the mature form of NAG-1 after secretion tastasis and appears to be dependent on the tumor type, the stage of the tumor, and likely other unidentified factors. Based upon our investigations with the NAG-1 overexpressing transgenic mouse and other in vitro studies with mouse xenographs or growth of cancer cells on soft agar, NAG-1 appears to act anti-tumorigenic in the early stages of cancer. With retroviral or conventional expression systems, the overexpression of the full-length coding region of NAG-1 in colorectal, breast, prostate, and glioblastoma cancer cells inhibits tumor growth in mouse xenografts. The growth of these cells on soft agar is also suppressed, which supports the hypothesis that NAG-1 has an antitumorigenic activity. The most compelling data come from studies with a transgenic mouse expressing human NAG-1 ubiquitously. To investigate if NAG-1 alters intestinal cancer, NAG-1 Tg mice were treated with azoxymethane, a known intestinal carcinogen. The NAG-1 mice showed smaller numbers of foci in their intestinal tract compared to the wild-type mice, suggesting that NAG-1expression inhibits tumor growth [80] . Mice carrying the Apc Min mutation on a C57BL/6 background spontaneously develop intestinal polyps. This mouse has been frequently used to investigate intestinal cancer and has been a model to determine if drugs can inhibit colorectal tumor growth. The NAG-1 Tg mice were crossed with Apc Min mice.
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Min/+ /NAG ± showed a~50% reduction in the number of small intestine polyp and 40% reduction in tumor load [80] . Thus, expression of human NAG-1 inhibits the development of chemically and genetically induced neoplasia in the intestinal tract suggesting it functions as a tumor suppressor gene in vivo. Recently, we have used the NAG-1 Tg mouse to investigate if NAG-1 expression can alter the development of pulmonary tumors. NAG-1 transgenic mice on an FVB background (NAG-1 Tg+/FVB ) was first developed for use in this study. After treatment with urethane, the NAG-1 Tg+/FVB mice had decreased number and reduced size of urethane-induced tumors compared to control littermates [81] . Urethane-induced pulmonary adenomas and adenocarcinomas were observed in control mice, but only adenomas were observed in NAG-1 Tg+/FVB mice suggesting also inhibition of tumor progression. NAG-1 protein inhibits urethane-induced tumor formation, probably mediated by the p38 MAPK pathway [81] . Based on these investigations, one can conclude that NAG-1 has an antitumorigenic activity at the early stage of tumor growth.
As cancer progresses, NAG-1 appears to act to promote tumor growth, progression, migration invasion, and metastasis. Several studies have observed major upregulation of NAG-1 mRNA and protein in cancer biopsies [82, 83] , whereas a number of studies have described an antitumorigenic function for NAG-1, by which it induces apoptosis and may negatively affect tumor growth [23, 80, [84] [85] [86] [87] . The overexpression of NAG-1 or the addition of recombinant NAG-1 (mature form) to cells appears to activate the ERK-1/2 pathway, resulting in increased expression of plasminogen activator in gastric cells, the activation of the EGF receptor in gastric and breast cells, and an increase in the invasion of these cells [88] . The overexpression of NAG-1 in prostate cancer PC-3 cells has been shown to increase migration and invasion of these cells [83] . The authors also found that NAG-1 expression increases metastases to distant organs in PC-3 orthotopic prostate model with the nude mouse [83] . Chen et al. found that NAG-1 promotes cell proliferation of LNCaP cells through Erk activation [89] . In contrast, NAG-1 reduces colorectal cancer as investigated in NAG-Tg mice and NAG-1 KO mice [80, 90, 91] . NAG-1 seems to work as a pro-tumorigenic protein in prostate cancer cells, whereas NAG-1 works as an anti-tumorigenic protein in colorectal cancer cells [83, 92] . In fact, there are other examples of dual biological functions of proteins in the prostate versus colon. EGR-1, for example, has been shown to be associated with pro-tumorigenic activity in prostate cancer [93] , whereas EGR-1 acts like a tumor suppressor protein in other cancers [94] . 15-LOX1 is another example [30, 95] . Some possible explanations of the contradictory activity in vitro include the different functions of NAG-1 in the different cancer types and the contribution of a NAG-1 binding protein or receptor in different cells. In addition, NAG-1 is biosynthesized as a pro-protein and cleaved to a mature dimer that is secreted. Thus, the full-length, the propeptide, and the mature form exit within the cells and there is some evidence for the secretion of the pro-peptide in addition to the secretion of the mature form [96] . For example, Kim et al. reported that NAG-1 treatment increases ERK1/2 pathways, thereby enhancing protumorigenic activity of NAG-1 in gastric cancer cells [88] . In this report, the authors used a recombinant NAG-1 purified from the cell lysates, which ectopically expressed only the mature region of NAG-1 [88] . In contrast, studies with urethane-induced pulmonary tumorigenesis in NAG-1 transgenic mice in which the full-length of NAG-1 is expressed showed ERK1/2 expression was not altered but did show p38 MAPK inhibition [90] . In this study, urethane-induced pulmonary tumorigenesis was reduced in NAG-1 transgenic mice [90] . These findings may illustrate the importance of understanding how NAG-1 is processed from cytoplasm into extracellular matrix. Investigation into the detailed mechanism by which NAG-1 is processed during the maturation is necessary. An additional aspect is the translocation of NAG-1 inside cells, since the movement of NAG-1 in the cells has not been characterized. NAG-1 is a protein forming in a vesicle and translocating to the cell membrane. Once quantitative and comprehensive assessment of NAG-1 movements is established, we could evaluate the influence of NAG-1 inducers, including chemopreventative compounds on NAG-1's movement in the cells. Overall, NAG-1 represents a new molecular target of cancer and inflammation in in vitro and in vivo studies. NAG-1 seems to be a pivotal protein that controls colorectal cancer, colorectal inflammation, and lung tumorigenesis in vivo. Thus, the fact that NAG-1 shows dual function in carcinogenesis is not surprising. Further study on the molecular mechanisms by which NAG-1 interacts with other proteins in the cells and extracellular matrix, and how NAG-1 affects its biological activity is needed.
NAG-1 is expressed quite widely, but under resting conditions, the placenta and prostate are the tissues that express large quantities of NAG-1, while the colon expresses modest levels of NAG-1 [97] . In humans, NAG-1 appears to be expressed predominantly in epithelial cells, while in mice the expression appears to be mainly in hepatic tissue and fat [98] . The plasma levels of the secreted mature protein are greatly elevated in patients with a number of cancers including colorectal, breast, prostate, and pancreatic cancer. The normal concentrations in healthy adult individuals are reported as 450±50 pg/ml [99] . Measurement of the secreted NAG-1 in the blood has been proposed as a diagnostic marker for several types of cancer [100] and a measure of cancer progression [101, 102] . NAG-1 serum levels are also proposed as markers for cardiovascular incidences [103, 104] , and a recent paper suggests NAG-1 is a marker for "all-cause mortality" [105] . Yet, during pregnancy, the serum levels of NAG-1 are high, increasing with the length of the pregnancy; in fact, levels as high as~10-20 ng/ml have been reported for the third trimester [106] . In beta thalassemia, a mean concentration of NAG-1 in the blood as high as 66±10 ng/ml has been reported [99] . The concentrations of NAG-1 in beta thalassemia appear to correlate with erythropoiesis. The increased number of erythroblasts observed in beta thalassemia is responsible for the highly secreted NAG-1 levels observed [99] . Thus, for many diseases and conditions, high NAG-1 blood concentrations are observed. We suspect that for some cancers, higher NAG-1 concentrations in the blood are only a reflection of tumor size and not an indicator that NAG-1's acting to enhance tumor growth as is frequently assumed. However, the increase in NAG-1in some tumors appears to contribute to the increase in metastatic potential as reported for prostate cancer [83] .
NAG-1 polymorphisms and prostate cancer
Like TGF-β, genetic polymorphisms of NAG-1 have been described [107] . Three nonsynonymous single nucleotide polymorphisms exist in the gene that cause amino acid changes in the coding region, including a common C to G (exon 2+2423) substitution (histidine to aspartic acid) at codon 202 of the precursor protein which is commonly called H6D because the amino change is at position 6 of the mature GDF15/NAG-1 protein (rs1058587) [107] . A large study of 1,340 prostate cancer cases and 765 controls in Sweden suggested the G allele (the H6D GDF15/NAG-1) is associated with decreased risk of developing prostate cancer [108] . A second large (819) case-control (731) study in Australia had similar findings, although these findings were not statistically significant [109] . However, the results from this study also suggest a higher mortality rate from prostate cancer for patients carrying the G allele relative to men with the CC genotype [109] . Similarly, a case-control study (506 controls and 506 cases) in the USA found that the G allele is marginally associated with a lower prostate cancer incidence although statistically insignificant [110] . The G allele frequency in the study population from the above three studies are 28.8%/27.7% (controls/cases, Swedish), 26.5%/ 24.3% (Australian), and 27.2%/26.5% (USA), respectively [111] . Other than the study in prostate cancer, only one study from Brown et al. examined the association of H6D NAG-1 with colorectal cancer, in which the H6D NAG-1 is associated with increased risk of colorectal cancer metastasis, but not associated with cancer risk [111] . A few studies also examined the association of other NAG-1 single-nucleotide polymorphisms (SNPs) with prostate cancer risk and mortality. However, these data in general did not support an association such as the H6D NAG-1. Collectively, the role of NAG-1 polymorphisms in human prostate cancer is not clear at present. More studies, especially animal studies, are needed to elucidate the role of H6D NAG-1 or other SNPs of NAG-1 in prostate cancer.
Epigenetic regulation of NAG-1
The expression of NAG-1 in tumors compared to normal tissue is not clear. There are many contradictory results reported in the literature. The promoter of NAG-1 has several CpG islands but whether the protein is epigenetically silenced by methylation or histone modification has not been investigated. Glioblastoma is the most common central nervous system tumor and is associated with a high morbidity and mortality. It is widely accepted that the histone deacetylase inhibitor trichostatin A (TSA) alters chromatin structure. We investigated if histone acetylation would alter the expression of NAG-1. TSA upregulates expression and acts synergistically with 5-AZA-dC to induce NAG-1 expression. TSA induces NAG-1 promoter activity as well as NAG-1 mRNA and protein expression [112] . SiRNA experiments link NAG-1 expression to apoptosis induced by TSA. Reporter gene assays, specific inhibition by small interfering RNA (siRNA) transfections, and ChIP assays indicate that EGR-1/Sp1 transcription factors mediate TSA-induced NAG-1 expression. TSA also increases the stability of NAG-1 mRNA [112] . The mechanism of TSA-induced NAG-1 expression involves not only the interaction with Sp1 and EGR-1 but also multiple regulations at the transcriptional and posttranscriptional levels. However, the association between NAG-1 expression and the development or progression of glioma has not been well defined. Glioblastoma cell lines have a lower basal expression of NAG-1 than other gliomas and normal astrocytes. In fact, most primary human gliomas have very low levels of NAG-1 expression. NAG-1 basal expression appears to inversely correlate with tumor grade in glioma. Aberrant promoter hypermethylation is a common mechanism for silencing of tumor suppressor genes in cancer cells. In glioblastoma cell lines, basal NAG-1 expression was increased by the demethylating agent, 5-aza-2′-deoxycytidine. The NAG-1 promoter was densely methylated in several glioblastoma cell lines as well as in primary oligodendroglioma tumor samples, which have low basal expression of NAG-1 [112] . DNA methylation at two specific sites (−53 and +55 CpG sites) in the NAG-1 promoter was strongly associated with low NAG-1 expression. The methylation of the NAG-1 promoter at the −53 site blocks EGR-1 binding and thereby suppresses NAG-1 induction. Treatment of cells with low basal NAG-1 expression with NAG-1 inducer also did not increase NAG-1. Pre-incubation with 5-aza-2′-deoxycytidine increased NAG-1 basal expression, and subsequent incubation with a NAG-1 inducer increased NAG-1 expression. Thus, methylation of specific promoter sequences causes transcriptional silencing of the NAG-1 locus in gliomas and may ultimately contribute to tumor progression. Furthermore, methylation at the EGR-1 sites prevents the induction of NAG-1 by drugs and provides a rationale for explaining why some tumors are not suppressed by COX inhibitors. The methylation study was done on glioblastoma cells and glioblastoma tissue comparing tissue with low basal expression of NAG-1 to tissue/cells with high basal expression. However, many other tumors and cells are reported to highly express NAG-1 expression. The methylation status of other tumors has not been examined but one would suspect the CpG islands are not highly methylated in high-expressing tumors. Further studies are necessary to clarify the conflicting data on the expression of NAG-1 in tumors and the possible link to CpG island methylation. Clearly, the methylation of critical regions in the NAG-1 promoter will block an increase in expression after treatment with drugs or chemicals and provides a rationale for why some tumors may be resistant to drug treatment.
NAG expression and the inhibition of tumor growth by COX inhibitors
NSAIDs are the most widely used drugs for treatment of inflammatory diseases and long-term use of NSAIDs prevents development of several types of cancer. Both COX-dependent and COX-independent mechanisms have been proposed for the chemopreventive and antitumorigenic activities of NSAIDs. Laboratory studies suggest that NAG-1 exhibits pro-apoptotic and anti-tumorigenic activities in several types of cancer cells and inhibits intestinal tumor growth. NAG-1 expression is upregulated in cell culture models upon treatment with NSAIDs or other chemicals with cancer prevention activity. This finding raised a question of whether increases in NAG-1 expression by NSAID contribute to NSAID-induced inhibition of carcinogenesis.
NAG-1 expression is upregulated by several NSAIDs in a COX-independent manner in human cancer cells. NAG-1 was first identified by our laboratory from indomethacin-treated COX-deficient human colorectal cancer HCT116 cells [23] . Celecoxib has been shown to induce apoptosis in COX-2-deficient human gastric cancer cells via activation of NAG-1 expression and inhibition of AKt/GSK3beta [113] . Sulindac sulfide significantly induced NAG-1 expression in gastric cancer SNU601 cells that are devoid of COX-2 expression and increased apoptosis and decreased cell viability in this cell line [114] . To determine whether COX expression could affect NSAID-induced NAG-1 expression, HCT116 cells were transfected with COX-1 or COX-2. However, transient or stable transfection of the COX gene did not alter NSAIDinduced NAG-1 expression in HCT116 cells [115] . Furthermore, NAG-1 expression was not affected by PGE 2 and arachidonic acid levels [115] . The fact that NAG-1 expression can be induced by NSAIDs in a number of human cells lines and that NAG-1 induction by NSAIDs is not altered by COX expression or the presence of PGE 2 or arachidonic acid, suggests a COX-2-independent mechanism of NSAIDs in the inhibition of carcinogenesis, which may be mediated by NAG-1.
NAG-1 induction has also been observed in animal models after feeding NSAIDs. Feeding C57/BL6 mice sulindac induced mNAG-1 expression in liver and colon tissues [97, 116] . Indomethacin treatment has been shown to induce the expression of NAG-1 mRNA level in human sinonasal cancer cell AMC-HN5 xenograft tumors at a dose-dependent manner. The volume of xenograft tumors of AMC-HN5 cells in indomethacin-treated nude mice was reduced compared to that in control mice [117] . In another study, celecoxib treatment increased NAG-1 expression in a dose-dependent manner in COX-2 knockout mice and wild-type littermates (COX-2 +/+ ) [118] . NAG-1 induction upon NSAID feeding in animal models suggests a role of mNAG-1 in the suppression of tumor growth by NSAIDs in vivo. Based on these investigations, an increased expression of NAG-1 can be observed in mice treated with NSAIDs.
Many studies have shown that sulindac fed to APC/Min mice inhibits polyp formation. However, the contribution of NAG-1 expression to the prevention of polyp formation by sulindac has not been determined. A number of sulindac derivatives (both sulfides and sulfoxides) were synthesized that lack of COX inhibitory activity to use as tools to study COX-2-independent mechanisms of NSAIDs. Two sulindac des-methyl (DM) analogues (DM-sulindac and DMsulindac sulfide) devoid of COX activity induced NAG-1 expression in HCT-116 cells and the mouse rectal cancer cell line CMT93 [116] . Sulindac inhibited polyp development in the APC/Min mice, whereas DM-sulindac did not. Pharmacokinetic analysis showed sulindac was effectively converted to sulindac sulfide, the active metabolite, whereas DM-sulindac was rapidly excreted and not efficiently converted to the active DM-sulindac sulfide metabolite [116] . Further analysis of NAG-1 expression after sulindac treatment provided some clue as to the contribution of NAG-1 induction in sulindac-induced tumor inhibition in this study. mNAG-1 expression in the mouse intestinal tract is very low and not increased by sulindac feeding but we did observe significant induction of mNAG1expression in the liver upon feeding sulindac. Feeding the DM-sulindac did not alter NAG-1 expression. In contrast to humans, mouse liver is the major source of circulating mNAG-1 and thus sulindac feeding likely increases serum levels of mNAG-1 [97] . This conclusion is supported by another study to determine the role of NAG-1 in sulindacinduced inhibition of polyp formation in APC/Min mice. Zimmers et al. crossed APC/Min mice with NAG-1(−/−) mice, which did not alter polyp formation [91] . In this study, sulindac was effective in reducing the polyp formation in APC/Min mice that express wild-type NAG-1. However, sulindac did not reduce polyp formation in NAG-1(−/−) crossed with APC/Min mouse [91] . This finding suggests that NAG-1 is critical for anti-tumorigenic activity of sulindac in the APC/Min mouse model.
Knocking down NAG-1 in cell culture models was also used to elucidate the role of NAG-1 in NSAID-induced inhibition of cancer cell growth. In one study, sulindac sulfide induced NAG-1 expression in ovarian cancer SKOV3 cells and significantly suppressed cell growth [119] . Transfecting SKOV3 cells with the NAG-1 siRNA construct restored SKOV3 cell viability, suggesting sulindac sulfide-induced NAG-1 expression is responsible for the sulindac sulfide-induced cell growth arrest in SKVO3 cells [119] . By treating human prostate cancer PC-3 cells with NAG-1 siRNA, Wynne and Djakiew demonstrated that NAG-1 plays an important role in NSAID-induced inhibition of PC-3 cell migration [120] . Indomethacin induced apoptosis and NAG-1 expression in human sinonasal carcinoma AMC-HN5 cells, in which the indomethacin-induced apoptosis was suppressed by transfecting the cells with NAG-1 siRNA [121] . Collectively, significant reports suggest that NAG-1, in part, plays an important role in NSAID-induced inhibition of tumorigenesis both in in vivo and in in vitro models.
Inhibition of tumor growth by COX inhibitors is a complex process and involves COX inhibition and changes in gene expression. This conclusion is illustrated by a study of the growth of glioblastoma T98G cells on soft agar to estimate the antitumorigenic activity. Sulindac sulfide inhibited T98G cell colony growth on soft agar in a concentration-dependent manner [58] . Sulindac sulfide concentrations as high as 60-120 μM were required for the inhibition of cell growth and inhibition of prostaglandin formation. At these concentrations, sulidac sulfide not only induced NAG-1 expression but also inhibited EP4 receptor expression. Because the cells grown on soft agar are in a serum-containing media, concentrations required to effectively inhibit COX activity is higher than the ED50 value commonly reported that is based on assays in the absence of serum. Thus, the inhibition of tumor growth by sulindac sulfide is very complex both targeting COX and altering the expression of other critical proteins such as NAG-1 and EP4.
Summary and conclusion
The long-term use of NSAIDs reduces risk for colorectal cancer. Furthermore, the regular use of aspirin after diagnosis [122] of colorectal cancer can improve survival. However, long-term use of NSAIDs as prevention or therapeutic drugs is not acceptable because their prolonged use is linked to many adverse side effects. The nonselective COX inhibitors cause gastrointestinal adverse effects while the prolonged use of selective COX-2 inhibitors is linked to potentially serious cardiovascular side effects. Many of these side effects appear to be linked to total or global inhibition of prostaglandin formation. Developing safe and effective cancer prevention drugs is a difficult challenge because of the required long-term use.
It is clear from the investigations summarized in this review that COX inhibitors can increase the expression or alter the activity of several proteins that can influence tumor development. These changes in expression or activity appear to be specific for the individual NSAIDs as shown in Fig. 5 and not related to the inhibition of COX activity. This observation offers hope for the development of a strategy to find drugs that can target specific proteins that influence cancer development, and thus avoid potential unacceptable side effects observed for generic inhibition of prostaglandins. For example, the development of specific antagonists for the EP receptors or drugs specifically reducing the expression of the EP2 or EP4 receptors would appear to be promising avenues of investigation.
Our laboratories have focused on investigating NAG-1 or GDF15 as a suppressor of tumor development. Many drugs and chemicals that prevent cancer development have in common the ability to increase the expression of this protein.
The expression of NAG-1 is regulated by three tumor suppressor pathways: p53, EGR-1, and GSK-3β. The NAG-1 transgenic mouse expressing human NAG-1 ubiquitously has reduced tumor numbers and tumor size as estimated in mouse models for intestinal and pulmonary tumorigenesis. Other studies suggest NAG-1 may play a role in inhibiting prostate cancer but other results indicate a pro-tumorigenic role for NAG-1 in prostate cancer. Thus, contradictory evidence suggests both anti-and pro-tumorigenic activities for NAG-1 similar to what has been observed for other members of the TGF-β super family of proteins. The paradoxical biological activities and the signaling pathways of human NAG-1 are poorly characterized. Some results suggest some important differences between the NAG-1/GDF15 expression in mouse versus human organs and tissues causing mouse models of tumorigenesis to be of limited use. Identification and characterization of a NAG-1 receptor(s) would provide guidance to understanding the biological activity. One would expect the receptor to be similar to the type I and type II complexes observed for the TGF-β family members, but because a receptor(s) has not yet been identified, one could anticipate an unexpected receptor. Clearly studies in our laboratories and the published results from other investigators point to an important role for NAG-1/GDF15 in the inhibition of tumor growth by COX inhibitors. However, additional evidence, particularly related to human cancer is needed to support this hypothesis. Regardless of its role in cancer inhibition by COX inhibitors, NAG-1/GDF15 is a unique member of the TGF-β family with an array of diverse biological functions and could contribute to the understanding and treatment of many diseases including cancer, cardiovascular, and inflammatory diseases. A better understanding of the underlying mechanisms are necessary to elucidate how this protein inhibits growth at the early stages and then promotes proliferation, invasion, and metastases at the later stages of cancer.
